Abstract. Mawasid FP, Syukur M, Trikoesoemaningtyas. 2019. Epistatic gene control on the yield of tomato at medium elevation in the tropical agroecosystem. Biodiversitas 20: 1880Biodiversitas 20: -1886. Cultivation of tomatoes on the middle-low plain generally decreases the quantity and quality of the yield due to high-temperature stress. Increasing the size and weight of lowland tomatoes is needed to enhance national production. Information on the action and genetic model of target characters is needed in the preparation of the assembly program, especially for selection needs. This study aims to obtain genetic information and heritability of tomato yield characters, as a basis for assembling large tomato varieties for the lowlands. The study was conducted using six populations (P1, P2, F1, BCP1, BCP2, and F2) resulting from two different crosses of 99D x Tora (C-I) and 97D x Tora (C-II). The results show that the action of non-additive genes and non-allelic interactions has a large value, with duplicate epistasis being more dominant than complementary epistasis. Duplicate epistasis was found in the character of harvest time, fruit length, fruit diameter, fruit weight in cross I and flowering time, harvest time, fruit length, fruit diameter, and number of fruits in cross II, while complementary epistasis was found in flowering time, fruit weight per plant, number of fruits in cross I, and fruit weight, fruit weight per plant in cross II. Moderate to high heritability was found in the character of fruit length, fruit diameter, fruit weight, and fruit weight per plant. The values are higher in population from the cross I (99D x Tora) for each character, indicating that the cross I has a higher potential for genetic progress than cross II. Selection is recommended when the homozygosity has increased, using the Bulk method or Single Seed Decent. The two methods above can maintain variability in the next generation, so epistasis genes that control target characters are not drastically eliminated.
INTRODUCTION
Tomato is the main vegetable species that is widely cultivated and consumed in the world due to their high nutrient content and distinctive taste (Breksa et al. 2015; Li et al. 2018 ). In the last ten years, tomato is always rank first in vegetable production, and the latest data in 2016 shows tomato production of 177,042,359 tons or about 16% of all vegetable production in the world (FAOSTAT 2018) . Tomatoes are generally cultivated in the highlands (> 600 m above sea level) in order to produce optimum yield, however, from around 49.87 million ha of potential land for annual crop cultivation in Indonesia only 6.74% is found in the highlands (Puslitbangtanak 2001) . To encourage an increase in national production, extensification is needed in the middle-low elevation area while maintaining quality and productivity.
Increased tomato production in Indonesia is constrained by the limited adaptive high yielding varieties in the lowlands. Some commercial varieties in Indonesia have decreased yields ranging from 4%-81% when planted in the lowlands (compared to those in the highlands), including decreases in fruit weight and quality (Sutjahjo et al. 2015; Romadhon et al. 2017) . Tomatoes with large fruit sizes have a wider market and higher prices compared to the small ones (Liang et al. 2017; Rugchat 2017) . The assembly of large fruit tomato varieties that continue to produce high in the lowlands is one of the ideas that can be done, so that large fruit-sized lines can still produce optimum in the lowlands.
In developing plant breeding programs, information about genetic models, heritability, and the magnitude of the action of genes that control a character are important to know. The gene action model is assessed as one of the three main information needed in genetic evaluation in addition to the number of genes controlling the character and genotype x environmental interaction (Souza et al. 2012; Said 2014) . Heritability values reflect the potential for genetic progress that can be obtained on a character. The use of characters that have high heritability will help breeders to obtain desired genetic gain from existing resources (Ogunniyan and Olakojo 2014; Ohlson and Foolad 2015; Rukundo et al. 2017) .
Epistasis gene action is one of the genetic variability components other than additive and dominant. In the action of the epistasis gene, the phenotype is determined by the interaction of alleles from different loci (Roy 2000) . In the environmental stress conditions, epistasis genes can be more involved, specifically in initiating resistance mechanisms (Hansen 2013) . Epistasis gene action plays an important role in plant adaptation to abiotic stresses such as Al stress (Sihaloho et al. 2105) and Fe (Nugraha et al. 2016) , as well as high-temperature stress caused by differences in altitude. In Indonesia, tomatoes are generally cultivated in the highlands with a daily temperature range of 16-30°C to achieve high production. The performance of tomatoes on the middle-low plain is thought to be highly influenced by the action of the epistasis gene due to hightemperature stress.
To estimate a genetic model and gene action that control a quantitative character, the analysis of the average generation using a joint scaling test is one of the commonly used methods. This analysis can provide information about the action of average genes (additive effects), dominance ranges, non-allelic interactions, and the genetic values of family and generation averages (Mather and Jinks 1982) . The design of bi-parental crosses using the basic population P1, P2, F1, BCP1, BCP2, and F2 has been widely used to study the inheritance of qualitative and quantitative characters in tomatoes, such as lycopene and ascorbic acid (Dubey et al. 2014) , shelf life fruit (Rodrı´guez et al. 2010) , agronomic characters (Kanneh et al. 2017) , and yield components (Shalaby 2013) . In this study, generation means analysis was carried out from crossing large tomatosized (not adaptive to lowland) lines with a medium-sized tomato line that is adaptive in the lowlands. The study aims to obtain information on genetic control of yield and yield components, as a consideration in improving the effectiveness and efficiency of the selection activity.
MATERIALS AND METHODS

Study area
This study located at an altitude of 518 m above sea level (medium elevation) with minimum and maximum temperatures of 17.6 and 37.8°C, as well as minimum and maximum air humidity of 37 and 99% respectively. The research was conducted in November 2017-November 2018 at the PT BISI International Tbk Farm in Citapen Village, Bogor, West Java.
Plant materials
The genetic materials consisted of six populations (P1, P2, F1, BCP1, BCP2, and F2) from each set of crosses between semi-indeterminate lines (97D and 99D) with determinate line (Tora). Semi-indeterminate lines are large fruiting lines and high productivity in the highlands, while determinate line is an adaptive line in the lowlands (Shanmukhi et al. 2018) . In a previous experiment conducted at an altitude of 1241 m above sea level (Hermanto et al. 2017) , the parent lines used in this experiment had the character of fruit weight and weight per plant of 99.95 g and 2.29 kg (99D), respectively; 99.68 g and 2.12 kg (97D); 53.43 g and 1.70 kg (Tora). The complete population set of the cross I (C-I, 99D x Tora) and cross II (C-II, 97D x Tora) each consisted of 40 P1, 40 P2, 40 F1, 120 BCP1, 120 BCP2, and 270 F2.
Field experiment
The complete populations of P1, P2, F1, BCP1, BCP2, and F2 from each set of crosses were planted in a greenhouse in two rows per single bed (double row) with a distance within 0.6 x 0.6 m 2 and distance between beds 0.8 m. The size of the bed is 12 x 1 m 2 , so that in one bed consists of 40 plants. The composition of fertilizer used was 10 tons ha -1 manure, 1.4 tons ha -1 NPK as basic fertilizer, 350 kg ha -1 ZA. Dolomite lime at 2 tons ha -1 was given at 10 days before planting. Then, the beds were covered using black silver plastic mulch. Plant maintenance consisted of irrigation, fertilizer application, pest, and disease control. Supplementary fertilizer was given at 4, 6 and 8 weeks after planting in the form of NPK fertilizer solution (16:16:16) at a concentration of 10 g L -1 by pouring 250 ml per plant on a hole as far as 8-10 cm from the base of the plant stem. Weed control was done manually. Harvest was carried out when the fruit is evenly red. Observations were made on characters of flowering time, harvest time, fruit length, fruit diameter, fruit weight, fruit weight per plant, and number of fruits per plant.
Data analysis
Components of additive, dominant, and environmental variability were calculated based on Mather (1949) . The estimation of broad sense and narrow sense heritability referred to Warner (1952) , with classification into three classes, namely high if h 2 ≥ 0.6, moderate if 0.3 ≥ h 2 > 0.6, and low if h 2 <0.3 (Shokat et al. 2015) . The degree of dominance was used to predict gene action in controlling a character. The degree of domination was estimated by a formula [H/D] 1/2 , in which H is the dominant variance, and D is the additives variance.
The mean analysis was conducted as joint scaling test method by Mather and Jink (1982) with three genetic components, namely the mean value [m], the additive effects [d] , and the influence of dominance [h] . If the gene action does not meet the additive-dominant model, then a test is carried out to determine the presence or absence of non-allelic gene interactions using epistatic models with six components with additive x additives [i] , dominant x additives [j] , and dominant x dominant [l] as additional components to the model, followed by test for the goodness of fit to determine the most suitable model (Singh and Chaudhary 1979) . Computation was done using SAS software and MS Excel.
RESULTS AND DISCUSSION
Temperature stress evaluation
One of the main problems in introducing high-yielding tomato varieties adapted in highlands for the lowlands is the presence of high-temperature stress which causes negative effects on the growth, reproduction, yield components, and disease resistance (Solankey et al. 2015) . The optimal temperature for tomatoes is 20-30°C during the day and around 20°C at night (Camejo et al. 2005) . In Indonesia, the optimal temperature for tomatoes is in the highlands, so extensification of tomato cultivation in the lowlands requires adaptive varieties at higher temperatures. Note: * = 1241 m asl, ** = 518 m asl, m = average of Tora at C-I and C-II, FW = fruit weight (g), FWP = fruit weight per plant (kg).
In the present study, the decrease in the performance of the parental line 97D was observed in the main characters of yield component, i.e., fruit weight and weight per plant, compared to those when planting in the highland (Table 1) . The genotype 97D (P1) is a semi-indeterminate line, an adaptive line in highlands, which should have a higher yield component mean value than Tora (P2), but not in this study. The other parental line, 99D also experienced a reduced performance. In addition, Tora as a lowland adaptive parent has better performance in the current study than when planting at an altitude of 1241 m above sea level (Hermanto et al. 2017 ). This confirms that there is temperature stress on the middle-low elevation compared to the highlands, which can result in a decrease in yield components in tomatoes, especially non-determinate varieties that have high yield potential.
Gene action
Determination of the genetic model in quantitative character inheritance can be done through the dominant additive model conformity test with individual scale tests (scaling test) and joint scaling test. The assumptions that must be fulfilled in the analysis are homozygous parents, diploid inheritance patterns, no gene linkages, no maternal effects, no genotype interactions with the environment, and interactions between only two genes and two alleles (Allard 1960; Hill et al. 1998) . In this study, all assumptions have been fulfilled.
Flowering time
Comparison of the inter-generational mean value for the flowering time character showed higher variability in the cross II than cross I ( Table 2 ). The populations resulting from crosses produce offspring that have a longer flowering time than both parents, which shows an overdominant gene action. (Roy 2000) .
Harvest time
F1 values of harvest time at both crosses showed a higher additive gene action in cross I compared to cross II ( Table 2) . The difference in the sign between the dominant component [h] and the dominant x dominant [l], indicates that harvest time is controlled by duplicate epistasis gene action in both crosses, but at cross I the interaction causes a decrease in the mean value, while in cross II increases the mean value (Table 4) . The appropriate genetic model based on the test for the goodness of fit (Singh and Chaudhary 1979) for the cross I indicates an additive-dominant with additive x additive and additive x dominant, while cross II has an additive-dominant model with additive x additive and dominant x dominant epistasis. [j] Note: * = significant at 1% level, ** = significant at 5% level, m = mean value, d = additive, h = dominant, i = additive x additive, j = additive x dominant, l = dominant x dominant, C-I = 99D x Tora, C-II = 97D x Tora
Fruit length
The mean value of the fruit length of the F1 population in each cross (I & II) was between the values of the two parents (Table 2) , indicating an additive gene action in this character. The difference in sign between the component [h] and [l] shows the existence of duplicate epistasis with a positive effect in cross I and a negative effect in cross II (Table 4) . Similar results were also reported by Somraj et al. (2018) on fruit length character. The genetic model that is suitable for the character of fruit length in cross II is additive-dominant with additive x additives and dominant x additives, while in cross I the genetic model cannot be detected using a five-component combination model.
Fruit diameter
The fruit diameter character has the same genetic model in both crosses, namely additive-dominant models with additive x dominant and dominant x interactions. The dominant effect [h] is greater than the additive [d] in cross I and vice versa in cross II (Table 4) . Fruit diameters at both crosses also have duplicate epistasis gene action, which is known from the difference in sign between the dominant component [h] and the dominant x dominant [l] interaction. The type of duplicate epistasis gene action is relatively difficult for breeders selection due to the magnitude of dominant effects and unpredictable interactions (Zdravković et al. 2011; Mistry et al. 2016) .
Fruit weight
Comparison of the mean values of fruit weight between populations showed a greater additive gene action in cross II than cross I (Table 3) . Genetically, additive gene action can be used in the long term by concentrating the desired gene in a homozygous genotype state. The segregating population from cross II have good potential in the development of pure strain varieties.
The character of fruit weight in cross I has duplicate epistasis gene action, while cross II has complementary epistasis gene action (Table 4) . Duplicate epistasis in fruit weight was also reported by Devi et al. (2005) , Zdravković et al. (2011), and Thainukul et al. (2017) , while complementary epistasis was reported by . The appropriate genetic model for fruit weight in cross I is an additive-dominant model with additive x dominance and dominant x dominant, while the cross II model is dominant with additive x additive and additive x dominant interaction.
Fruit weight per plant
Comparison of the mean values of weight per plant between populations P1, P2, and F1 indicates an additive influence on this character. Fruit weight per plant is a character that is very much considered in tomato cultivation. Fruit weight per plant is known to have a high and positive correlation with fruit weight (Ritonga et al. 2018) , so the improvement of one character will affect the other characters.
Complementary epistasis gene action was obtained on fruit weights per plant in both crosses (Table 4) . This is similar to that reported by Devi et al. (2005) and Somraj et al. (2018) . The appropriate genetic model for fruit weight in cross I is an additive-dominant model with additive x dominance and dominant x dominant, while the cross II model is dominant with additive x additive and additive x dominant interaction.
Number of fruits
Estimation of gene action using three components shows the existence of non-allelic interactions on the character of the number of fruits, judging from the significance of the components used. Estimation with six components shows the existence of complementary epistasis gene action in the number of fruits per plant in the cross I and epistasis duplicates at cross II (Table 4) . Complementary epistasis on the number of fruit characters reported by Devi et al. (2005) and Zdravković et al. (2011) , whereas epistasis was duplicated by and Somraj et al. (2018) . The test results of the goodness of fit indicate that the additive-dominant genetic model with additive x additive and dominant x interaction is appropriate for the cross I, and additive-dominant with additive x additive and additive x dominant interactions suitable for the cross II in this character. 
Components of variance and heritability
The estimation of additive (D), dominant (H), and environment (E) components based on Mather (1949) showed that the dominant variance values were greater than the various additives in all characters. This shows that the influence of dominant gene action is greater than additive gene action. The dominance level also shows a high value (> 1.00) on all characters, which indicates that the controlling genes have overdominant gene action. The high value of the dominance level also causes a low value of narrow sense heritability. This is due to the low role of additive gene action in the characters.
Heritability is defined as the proportion of the genetic variety of existing phenotypic diversity. There are differences in the proportion of genetic factors that control each trait in living things. This also causes variability in each generation, so an estimation of heritability is needed to predict the influence of genetic factors on the phenotype of a trait. Narrow sense heritability generally gets more attention from breeders because the additive influence of each allele can be inherited by the progenies, and its relationship is close to breeding values, so it relatively facilitates the selection process and increases the effectiveness of breeding programs (Syukur and Rosidah 2014; Duangjit et al. 2016; Mistry et al. 2016) .
The estimation of narrow sense heritability shows a negative value on the character of the early flowering time and the beginning of harvest at both crosses, as well as the character of weights per plant and number of fruits at cross II (Table 5) . Negative values indicate that the diversity of the characters is not inherited or h 2 n=0. This can be caused by the high influence of the environment and the action of epistasis on the genes controlling the related properties. The value of low heritability is found in the character of the number of fruit cross I (1.96), which means that direct selection of these characters will be less effective.
Moderate heritability was estimated in fruit length (37.14), fruit diameter (41.27), and fruit weight (46.80) of cross II, and weight per plant (38.32) of cross I. High heritability was estimated in fruit length (72.50), fruit diameter (72.41), and fruit weight (72.61) of the cross I, this is in line with that reported by and Rai et al. (2016) . High heritability values indicate that the character has a high potential for genetic progress, and selection can be done in the early generation, whereas in characters with low heritability, selection should start at generation F3-F4 when genes begin to be fixed to avoid bias during selection. However, the estimation of heritability is influenced by the type of genetic material, sample size, sampling method, experimentation, calculation method, and the effect of linkages (Said 2014) , so that other aspect is still needed in determining breeding steps.
In conclusion, the action of the epistasis gene was found in all of the observed characters, with more duplicate epitasis than complementary epistasis. The high influence of non-allelic interactions causes high levels of nonadditive gene action, which reflected in the heritability values of the observed characters. Moderate to high heritability was found in the character of fruit length, fruit diameter, fruit weight, and fruit weight per plant, with higher values in cross I for each character. This shows that cross I have a higher potential for genetic progress than cross II. The action of overdominant genes on each character indicates that breeding activities will be appropriate if directed to produce hybrid varieties. If pure line variety is the objective, then bulk or SSD method is recommended for the selection, due to the high nonadditive effects and non-allelic interactions in each character.
